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FOREWORD

The work reported herein is in fulfillment of Project 395 of Contract
SNP-1. The period of performance was from Octcber 1, 1970 through motice of
terminatioc of the NERVA Program on February 18, 1972, and engineeriag phase—

dowvn erding June 16, 1972,

Yechnical direction of Project 395 was by Mr. Williaa H. Robbins of

SRSO-Cleveland.

Westinghouse Astropuclear Laboratory Project 495 of Subcontract SKP-1 was

a supporting study.
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The 25 Kw =lectric FERVA Dual Node System study was continued. The
basic system was essentially unchanged frca the system originally reported.
The operatior of the system during che engine cooldown period was altered
to entance the cooldown hydrogen saved thereby increasing the desirability

of the dual mode roncept.
A parametric study was ccnducted tc determine the most advantagecus
size {electrical) for the Dual Mode NERVA System. The resalt, based uvon

cooldowm hydrogen savings only, was a 10 Kv electrical system.

Concepts potentially important to future nuclear rocke. engine dual

wmode systems are discussed.
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I. SUMMARY

The feasibility of utilizing the NERVA engine as a heat source for a
25 Kw(e) electrical power system was investigated. A minimum number of
additions to the NERVA engine to perform the dual function was maintained as
a basic ground rule. Several concepts for removing heat from the engine in
addition to those of Reference (1) were evaluated. The final system selen-
tion was not changed however. It consists of a closed loop, independent of
the normal NERVA flow path, primary ccolant circuit which carries heat from
the engine to the forward end of the stag: wiere the hydrogen coolant supplies
heat tc a boiler (vaporizer). An organic working fluid, thiophene, was
selected as the most desirable fluid for the Rankine-cycle power conversion
system. A wick-type condenser is used for the zero gravity environment. The
heat rejection system utilizes gaseous hydrogen flowing in closed parallel

loops to conduct heat from the condenser to the exterior of the stage.

Off design operation of the system during the early portion of the
cooldown for the NERVA engine was iInvestigated to enhance the cooldown

hydrogen savings.

Consideration of dual mode systems larger and smaller (see references
at end of report) than the 25 Kw(e) systemn showed that a 10 Kw(e) resulted in
the maximum payload for a lunar mission provided the need for electric power
was not more than 10 Kw(e). In other words, the dual mode system size optim-

ization was based upon cooldown propellant savings only.

1

( ) Indicates reference at end of report



System implications for zpplicaticn of the dual mode concept to cther
nuclear rocket engines is discussud. Also, discussed is the efrect of the

Earth Orbiting Shuttle on the dual mode concept.



II.  INTRODUCTION

This report is intended to be useful for bridging the gap between the
NERVA Dual Mode System and future nuclear rocket engines which may retain the
dual mode concept. It is important to note that the now terminated NERVA
engine program was never directed to utilize the Earth Orbit Shuttle (EO0S8).
The future of nuclear rockets will be at the Los Alamos Scientific Laboratory
(LASL) where work is under way for a smaller thrust (20% of NERVA) engine

which has great potential for unmanned deep space missions.

The LASL engine design is in the preliminary design stage. It diffe.s
from the NERVA engine in many ways some of which are important to the dual
mode concept. For example, an aluminum reflector cylinder used for the
primary coolant loop heat exchanger is not required in tne LASL engine dec_gn.
Thus, the dual mode coolant circuit will utilize the core structural suppor*
system &s its incore heat exchanger. This feature is expected to reduce
primary coolant loop flow impedence and permit increased coolant temperatures
in the primary loop. These are both very desirable features for the dual

mode concept.

The basic NERVA Dua:i Mode System, described in Reference (1), was retained
essentially unchanged during the period of this report. No significant
improvcments in hardware design were achie.: 1. The off-design operation of
the NERVA Dual Mode System during engine cou.down resulted in greater
cooldown savings. [he concept was to increase radiator temperature temporar-

ily to enhance heat rejection capability at the expense of electrical power



output. After the residual (decay) power reachcd ncrmal dual mode system

heat input levels,return to normal electrical power operation was performed.

The concept of using a rocket engine for propulsion and for generation
of heat which may then be converted into electric power and many other
potential uses is a new concept. Chemical rocket engines have been very
successful in providing propulsion only. Dur .ng chemical rocket engine
operation it would be possible to provide heat for other applications.
However, since rocket engine operation is normally a very short time period
in comparison with normal space flight times, it is impractical to utilize

the chemical rocket engine for supplying energy to the space vehicle.

The nuclear rocket engine is unique in that it contains an enormous
supply of energy in its nuclear fuel. (The amount of propellant, hydrogen,
is limited.) Utilization of more of the erergy inherent In the nuclear

rocket engine is an objective of the work reported herein.

If it is practical to design a nuclear rocket engine with the capability
of providing propulsive energy and non~propulsive energy, it may be a require-
ment to do so in order to make the nuclear rocket engine competitive with the
chemical rocket ergine. The point is simply that the high (nearly infinite
from a practical standpoint) inherent energy contained within the nuclear
rocket engine involves a significant weight and cost which the chemi-al rocket
engine does pnot have. The added weight is significantly offsec by the ability
to use hydrogen as the propellant thus providing a ruch higher exhaust velocity

and correspondingly lower propellant consumption. The cost remains a detriment



to the nuclear rocket system unless some accounting )r the non-propulsive

energy capability of the nuclear rocket engine is made.

Space electric power systems may utilize the energy of the sun directly or
they may utilize chemical or nuclear energy. Solar cells are very practical
for earth orbiting satcllites. Chemical energy has been useful for fuel
cells on the Apollo flights to the Moon. Long duration space power at low
rates can be supplied by radioisotope nuclear pcrer units such as the Alsep
unit left by the astron:its on the surface of the Moon. Applications for
space electric power at great distances from the sun and of moderate amounts
will be supplied by reactor-dynamic power conversion systems such as the
dual mode electric systems. Fortun .:ly, these same mission applications may
benefit from nuclea. rocket engine propuision. The U/nited States does not
have a reactor—-dynamic power conversion system opz=rating in space at the
present time. Component and subsystem technology development is currently
in prugress. The diverse nature of these deveiopment programs make an

accurate assessment of the future cost of operational systems difficult,

Ultimately, the decision to use chemical rocket engines plus separate
nuclear electric space power plants as opposed to the use of a nuclear rocket
engine with propulsion and electric power capability will depend upon the
relative cost of the two systems and the time to supply them. At piresent,
chemical rocket engine tcchnology is in good shape. Nuclear rocket engine tech-

nclogy is growing fast but recent NASA decisions make its future much less certain



than that of chemical propulsion. Space nuclear auxiliary electric power
(SNAP) systems are developing at a slow rate. The SNAP programs are directed
at improving the technology base as opposed to the development of particular

units.

An Interesting situation which is now preseat is the opportunity to
initiate the development cof 2 miclear rocket engine which is much smaller in
thrust and in gross weight as compared with the XFRVA rocket engine. The
specifications for this small engine are not vet firm thus the oppertunity to
include provisions for generation of heat for the vehicle during the non-
propulsion portion of flight is available. It would seem tha: tnis is a
“"golden cppertunity” p-ovided the alternative mode of operation does not
dictate unreasonable design requirements oan the rco.~ot propulsion
system. In the case of the NERVA engine, an auxiliary system (primary loop)
was drv sed which was completely separate from _he normal engine flow circuit
and the normal engine temperature limitations were retained for the non-
propulsion mode. Certainly more latitude in the selection of mcterials for
a new engine could permit increased operating temperatures during the nou-
propulsion wmode aﬂd thereby improve the performance, reduce the weight a..d

size of the electric power system.

The nuclear rocket engine also has potential for providing very large
amounts of electric power (cr shaft power) in space for relative short
periods of time by using its hvdrogen exlhiaust jet to drive a turbine cr a
magneto hydrodynamic gereratcr (MHD). In this mode of operation the nuclear

reactor provides the heat cnergy and the ncrrmal propeliant feced system



provides the lhigh gressure hydrogen wvhich drives the power device and then
exhausts into space. Use of hot hydrogen as the working fluid has advantages
over other working fluids because it has much higher available ecergy per

pound and thercfore requires comparitively less flow rate.

I1I. DESCRIPTICN OF DUAL MODZ SYSTEMS

A. KERVA Systea

The dual mode electrical systes {showa schematically in Figure 1)
includes a NERVA engine, a system for converting heat to electricity, and a
circuit for rejecting waste heat from the power couversion svstem. Only small
additions to the «ngine are necessary to provide a means of transpocting low
temperature, low power thermal enmergy frcm the engine to the power-couversion
systea.

1. Primary Loop

The techmique of heat removed from the emgine for electr*cal

pover ®mode is to circulate gaseous hvérogen through the metal parts of the
reacter {i.e., within the pressurc vessel) and duct the warmed hydvogen to
the forward e¢:.2 of the stage wher- the heat is used to boil (vaporize) the
working fluid of the power conversion sysicm (see Figure 2). The cooled
hydrogen is then compressed slightly to cause it to return to the heat source.
The primary loop lines are shown running the length of the propellant tark ir
Fignrce 2. Rechargeable batteries can provide electrical power to the NERVA
eagine during vor ket wode and the transition to electrical mode. After the

transition the batteries can be recharged by the dual mode electrical system.



Figure 1
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Figure 2

SEE FRONTISPIECE PHJOTOGRAPH
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2. Power Counversion System
Thermodynamic analyses have showm that the Rankine cycle is
the ouly feasible cycle for the source and sink temperatures available to the
dual ' ode system. A mmber of potential working fluids were evaluated and
taicp ene (C‘H‘S) vas selected. This organic fluid has good thermodynamic
Jerformance, a dry turbine expansion, reasonable vaporizer and condenser

jress res and outstanding chemical stability at the dual wode operational

temperatures.

A multistage turbine is required to efficiently convert the
ex-anding thiophene even though it has a molecular weight of 84. Turbine
weight. is a2 near' negligible weight in compariscn with the additional weight
of the dual mode system hence it is prudent to strive for maximum turbine

efficiepcy.

The zevo gravity envirooment eliminates the use of static
head of liqui- to provide a heud for moving condensed liquid from the condens-
ing surfaces to the suction of the boiler feed pump. The meclanisa selected
for tle orgavic liiquid is capillary force. A wick on the condenser surfaces
* ds te conden&.;ing liquid and a2 jet pump accelerates the liquid from the
liquid cide of the wick into the inlet of a centrifugal feed pump. Some of
the di.-h rge from the centrifugal pump is recirculated for jet pump drive
Lrria. The jet pump supercharges the suction of the centrifugal pump thus

preventing cavitation erosion damage or vapor lock.

10



3. Heat Rejection Loop

The function of the heat rejection loop is to transpori waste
beat from the condenser of the power-couversion-systea to the outer surface
of the space vehicle which then radiates the waste thermal energy. The type
of system selected was a closed-loop(s), gaseous-hydrogen circulating systea
similar to the primary loop except that the heat rejection loops have many
independent parallel circuits. The circulation of the high pressure 1 drogen
is produced by electric motor driven fan(s) in each loop. These fans may be

suitched 2n-off to provide heat rejection system coatrol.

The magnitude of the thermal energy to be rejectod is at
least 80X of the thermal power of the primary loop. For system efficiency
considerations it is desirable to mainzain a2 small temperature diffcrenca
(20°R) in the hwdrogen flow as compared with the primary coolant loop temper-
ature differeace (75°R). Trhis necessitates a correspondingly larger flow
rate of hydrogen and larger {low arcas. This waspossible in the KERVA Dual
Mode System design because the flow areas are not constrained in the heat

rejection loop as they were in tke primary cooiant loop.

B. Small Nuclear Rocket Engine System
The following discussion is not intended to be a preliminary
design of dual mode system for the small engine however the discussion should
allow a more rapid focus on major design problems.
1. Primary Loop
The small engine reactor design has significant differences

from the NERVA reactor so far as dual mode is concerned. Use of the core

11



structural support system for the heat input exchangovr of the primary loop is
very attractive for several reasons. The flow area is comparitively large,
the gas temperatures may be as high as 1000°R and the primary coolant flow
rate may be such that only a small (25°R) coolant temperature rise is feasible
wvith sodest pumping power. This type of heat exchanger was considered
initially for the XERVA Dual Mode System. However, it was discarded because
inadequate sealing of the manifolds was inherent in the design. Attention to
this design requirement from the beginning could result in a reactor design

with a leak tight support system.

Not only must the incore heat exchanger be leak tight, the
valves vhich shut-off the normal rocket mode flow circuit must also be leak
tighr. Figure 3 shows one possible flow scheme. It may be more practical to
"double—up™ on the valves which can leak through th2 engine nozzle. The
chamber(s) between the doubled-up valves could be pumped down to maiatainm a
very low pressure oo the second or back up seals. This design feature would
consume 3 small amount of electric power for pumping but it could greatly

reduce overboard leakage and resultant loss of hydrogen.

The flow schematic of Figure 3 is interesting because it does
no: have valves in the dual mode portion of the primary coolant loop. also,
it may be feasible to ovcrate the electrical power system during normal
operation because the design temperature of the support structure cutlet fluid
could be the same temperature as that for normal dual mode operation. The
return flow from the dual mode vaporizor can be cooled by the full rocket

engine pump flow as illustrated in Figure 3. This {eature may be needcd to

12



Figure 3
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reduce the nonuniform temperature oi the coolant on its way to the tie rods
or nozzle. It will also help to reduce the density variation in the venturi

aixer.

The use of the venturi to induce flow of the primary loop
does several things for the engine cooling system. First it avoids a require-
ment for a heat 2xchanger and the inherent delta temperature drop to drive
the heat energy into the primary loop. Secendly, it negates the requirement
for either two valves or ancther blower vhen operating betwee rocket engine
firings. As the primary loop pressure is of the same magnitude as the engine
pressure, there is no weight penalty for tvou different stress requirements.

A third benefit is the primary loop is not pressurized until after the first
engine firing. The design of the venturi is not critical because the flow
rate in the vaporizer circuit could vary considerably without affecting the
operation of the vaporizer or the ncrmal rocket wmode operation. This is an
asset for several reasons. One of which is that this loop could be added to

a2n early reactor enginc test with very little impact on the overall system.

2. Power Conversion System
The design selection for a power conversion system for a
single EOS size stage with small nuclear rocket engine will be less than
25 Kw(e). If the electric power requirement is only a few kilowatts, say
5-10 kw(e), the power conversion system could be similar to the NERVA Dual
Mode design. As discussed elsewhere in this report, the shaft speed cf the
turbine-alternator pump would be increased for the smaller machine. Thiophene

is a desirable working fluid for smaller machines and is suitable for higher

14



than 800°R turbine inlet temperature. It may be desirable to look at other
working fluids with much higher molecular weights to reduce the number of
stages in the turbine especially if the design temperature is increased to

1000-1100°R or more.

3. Heat Rejection System
The basic concept suggested for the heat rejection-radiator
loops on the NERVA Dual Hode study may apply to : smaller system. The much
smaller exterior surface on a single launch EOS engine-run tank could limit
the radiator capability hence the size of the electrical system. Increased
maximum cycle temperature for example from 750°R to 1000°R would significantly

increase radiator capability thus permit a larger electrical power system.

4. Overall System Efficiency as a Function of Power Level

The smaller the design power output the lower the net overall
system efficiency which can be expedited. Figure 4 is an estimate of the
overall efficiency which may be expected. The figure should be used for
initial estimates of heat rcquired and rejected only. The NERVA Dual Mode
System had a calculated overall efficiency of 12.5 percent for a power output
of 25 Kw(e). This performance decreases to approximately nine percent for
a 3 Kw(e) system. If higher maximum temperatures were compatible with the
nuclear rocket engine, the efficiency could be increased but the trend would

remain,

5. System Weight vs Power Level
As the design power level decreases and the overall cycle

efficiency change the conponent and subsystem weights per unit power change.

15



Figure 4
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In a low temperatur~ Rankine cycle for space application the heat rejection
loop has one-half of the total weight. Clever means (including bookkeeping
techniques) may be used to change the radiator weight per square foot, however,
the smaller systems will undoubtedly have less output (electrical) per unit
heat input hence they will also have iess output per unit heat rejected.

Based upon the additional weight of 240 1bs per kilowatt of electrical output
for the 25 Kw(e) NERVA Dual Mode System and the estimated overall efficiency
of this type of system (shown in Figure 4) the variation of estimated additional
weight per kilowatt electrical is shown in Figure 5. It will e noted that
the weight of very small output systems such as 3 Kw(e) have estimated

specific weights of 330 1lbs/Kw(e) or 990 1bs additional weight. These

specific weights can te improved by increased temperature of the system. A
modest increase of approximately 200°R above the NERVA Dual Mode System
temperature could reduce specific weight to 0.6 of the lower temperature

system. This is also shown in Figure 5.

1v. COMPONENT CHARACTERISTICS

A. The Effect of Design Power Level on Dual Mode Turboalternator and

Pumy

The Dual Mode Flectrical Power Generating System was originally
studieda (1) at a 25 Kw(e) net electrical power level. A question can be raised
as to the validity of the design study if the design power level were to be
reduced to one-tenth as much., As the turbine is about 7 inches in diameter
and the centrifugal pump less than an inch in diameter, this question is a

valid one. Efficiency of the turbine and the pump cculd be expected to be

17



Figure 5
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degraded as Reynolds number decrcase and ¢ earance ratios increac.. This
loss of efficiency may bc illustrated for decreasing Reynolds numbers

increasing clearance in figures 6 and 7, respectively.

The 25 Kw(e) Dual Mode turbine as proposed in the referenced study,
(1), has a First “age Reynolds number of 113,000 (in w/Du form) and 81,500
for the last stage. Examination of Figure 6 illustrates that efficiency is
not seriously jecpardized by a decrease in Reynolds number at the ;05 level.
In addition the physical size of the turbine will be decreased as the desig2
ower level is reduced. This would result from the de ire to keep the turbine

1/2

specific speed (NQ /AH3/4) constant in order to realize the maximum design

efficiency possible. Optimum specific speed is around 100 in (rpm,cfsllzjft3/4)
units. As the design power level is reduced, the volume flow rate would be
reduced proportionally. Thus, in order to keep design specific speed comnstant,
the design speed should be increcsed by the square root of the flow rate ratic.
Thus design Reynolds number will decrease as the square root of the vower

catio rather than directly. Turbine Reynolds numbers would be reduced to

35.800 and 25,800 from 113,000 and 81,500 for a ten to cre reduction In design

genecrating power. Expected loss of turbine efficiency would be about 2 percent-

age roints for the 2.5 Kw(e) turbine alternator compared to a 25 Kwfe) design.

Relative roughncss couvid also effoect the performance of small
turbomachinery if the passages were cast or the parts cxtremely small. Pass-
ages would have to be on the order of 0.1 inch hydraulic diameter tor 2
100 u inch finish to even start to degrade efficicncy,(2). Rolicrs woild have

to bc less than an inch in diamcter before relative roughness need be considered.

19



Figure 6
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Figure 7
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The centrifugal pump propesed for the 25 Ku(e) power level also
has a design specific speed of 100. Without any Reyr~lds number, clearance
or relative roughness effects, it can te designed to reach + 80 efficiencies,
(3). Estimated design cfficiency used in the study was degraded to 44X ¢o
account for Reynolds ouszber, clearance, and cavitation losses. It's design
Reynolds nmumber is 58,600. A reduction of Reynolds number to 18,400 could
also be expected to reduce the efficiency another 2 percentage points,
Figure 6. In view of the conservative design value assuwed for the pump,
54 percent, a reduction in power to one-tenth the originally proposed design
value is expected to have negligible effect upon the overall turhoaltercator

efficiency.

As turbomachinery is reduced in size the parasitic power consumption
of the bearing syster: can become a larger portion of the input shaft power.
This happens when the bearings are not scaled down in proportion to fhe other
parts cf the rotating assembly or the residual rotating assembly unbalance
cannot be scaled down to the lower sensitivity limi: of the balancing machine

available.

The proposed turboalternator was designed to use hydrodyaamic
bearings. Rolling contact bearings were coensidered in the earlier study but
were not selected because of the extra complication of the required labrication
system and an insufficient bearing life to meet the eight year requircment.
Subsequent design studies reconfirm this conclusion, (4). The Rankine fluid
(thiophene in the case of the study (1)) was selected as the lubricant to

minimize the scaling, contamination, and lubricant deterioration problems.
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In scaling down rotating machinery usirg hydrodynamic bearings we
find that the design bearing lcads scale differently dependent upon whether
the weight of the rotating assembly or its inherent dynamic unbalance is the
larger operatirg bearing load. When weight is the controliag bearing load,
the weight (scaling as a function of scale cubed) will be reduced at a greater
rate than the bearing support area which is a function of scale squared.

As a result of the bearing length ard/or diameter can be reduced to a greater
degree than the scaling ratio and result in bearing friction power to shaft
pover ratio being reducud a2s a machine is scaled down, see bearing discussion,
Section IV-C,

If , however, the inherent rotatiag assembly unbalance is the
significant bearing design load, then the parasitic bearing friction to shaft
power ratio may stay constant as the machine size is reduced or it may increase
if we have reached the practical balancing wachine sensitivity limit. To
illustrate the balancing wachine limitation on bearing loads Figure 8 plots
the unbalance force in relative earth gravity uni’s as a function of rotor
speed for single plane unbalance. The standard Gisholt S-1 is assumed as the
balancer. 1t typically balances ir room atmosphere at rotor speeds o. 1000
to 3000 rpm. The.plot assumes a 2000 rpn balanc.ing speed and the minimum
balancer displacement sensitivity of 0.000025 inch. The plot gives the
operating unbalance bearing load as a functicn of operating srced. For operat-
ing speeds up to 10,00C rpm it is noted that the unbalance bearing load would
be less than the normal gravity load here on earth. For machines between the
steady speed range of 24,000 to 96,000 vpm, it can be seen that the resulting
bearing unbalance load reaches undesirable levels. Thus a balance machine having

greater sensitivity and/or having higher balancing speed capability will have

23



Figure 8
B&’ﬂf/d/& 2 “"Load as a FpowcTron
o/ CperaT.

WG Speep Frsci7msg

From RESIDUAL LwBALANCE

A('oré" Standard . 6:s/o/t A
- Tgpl S/ asscemed. Bal : .
/eea( a/ozaa: rpmr_assome / Lo
J’en.sz bivily 0.000025 sachk '

g- ~f

= Msf/arfuémé used as

:?,{/0_‘: Q_! L L the mac‘me (.z/aalfzty., . ,f"'_';__._.' ."_,f_'__f— e JE

on ——_— ———— —_ - - e e e e

3. el e L — - e e
S:’ et i
no: .
Qos - - —
P ' H ; :
Q-: - . :
™ R : i ;
N e SEE

L P
-
() SR

<
[

/4/77(//4 S feéa/ ~ Fpps

24



to be utilized for smaller sized turbo-alternators. Commercial balancers are
available (5) that will correct balance to less than one "g™ at 100,000 rpa.
We are thus able to scale bearing design loads and thus bearing frictiom
power for machines up to the 100,000 rpm operating speed. above that speed
either additional cost for balancing will be required or the bearing friction
power will not scale down with smaller machine sizes. A turbo-altermator of
one-tenth the power would be approximately one-third the physical size of the
proposed Dual Mode design. It would want to turn at about three times the
speed or 72,000 rpa to stay with a muliriple of 400 cycle power. The hydro-
dynamic bearings will therefore scale dowm in size and in friction pcwer as a

function of the shaft power ratio.

Summarizing, there appears to be no fundamental reasom why the
proposed Dual Mode turbo-altermator of 25 Kw power level cannot be scaled down
to 2.5 Ku. The turbiie and pump may suffer but an insignificant efficiency
loss provided mechanical features such as leakage and clearance dimensions can
can also be scaled down. The hydrodynamic journal bearings may scale down to
the one-tenth power ievel without suffering out of proportion parasitic losses.
Other considerations, such as critical speeds, wmay dictate larger shaft sizes
than those raquired for bearing loads. Thus swmall machines often incur larger
bearing parasitié losses. The magnitude or relative importance of leakage
losses and bearing losses is a function of the detail design cf the machine.
Estimated turbo-alternator weight as a function of developed electrical power
for a family of constant Specific Speed machincs is shown by Figure 9 to be

less than 10 pornds for a 2.5 Kw unit.
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Figure 9
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IV, COMPONENT CHARACIERISTICS (Contd.)

B. Bearing Selection Criteria - Liquid or Gas

The requirement for a high degree of reliability over am eight
year life precludes the use of rolling contact bearing systems as noted in
Section IV-A. The remaining practical types are the fluid fila bearings

that have mo solid contact and are not subject to fatigue life limits.

There are a number of factors to be considered in narrowing the
choice to a specific design. These considerations are controlled by the
enviromment around the bearing and at best will be a compromise to be made
during a final design study. We can identify the parameters that must be

studied, however.

Primary influence upon the bearing enviromment is the type of
atmosphere, the temperature, and the pressure that surrounds the altermator
rotor. As the rotor IZR losses must be removed by convection cooling,
sufficient heat transfer capacity must be allowed the fluid to keep the rotor
at acceptable temperatures. This means the type of fluid and its pressure
are significant variables. Gas properties that enhance heat transfer are
high specific heat, high thermal conductivity, and a low viscosity.

Of these parameters, only the density (pressure) is indeperdent of the gas
selectcd. We thus have the pressure and the type of gas tc consider in a

trade~off consideration.

To enhance reliability it is generally desirable to have machinery

with fow and relatively simple parts. It was thus suggested (1) that the
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Rankine Cycle working fluid be used exclusively for all requiremcnts of fluids
in the turboalternator. By using the same fluid in the turbine, bearings,
cooling passages, and pump. non-leaking type seals can be avoided and all
contamination problems between fluidsare eliminated. The Rankine Cycle
provides the pressure-temperature regimes that make either gas or liquid

available for any of the above functions.

The alternator cooling can most easily be done by vapor in the
housing surrounding the rotor and liquid through the stator. Sufficient
pressure must be kept in the housing to inhibit corona leaks for the voltage
selected. Higher pressures than necessary to suppress corona limitations
might enhance cooling as previously noted, however, it will also increase
the rotor windage losses. A trade-off between alternator wvoltage, cooling
requirements, and windage losses will have to be made during the detail design

period.

It is apparent that there may be various pressures required from
one end of the turbo-alternator pump to the other end. Hydrodynamic or
viscous type sealé vwould be required to separate these various pressuce
regimes as no ru§bing type seal would have an eight year life. Dependent

on the pressure differences, either gas or liqrid covld be used.

To complete the bearing system trade-off study, the bearing
locations, shaft critical speed, and bearing damping rates must be considered
along with the determination of whether liquid or gas films should be used.

For a given load and speed onec would prefer to use liquid film bearings as
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they wculd have less parasitic power demand, Section IV.-A. This assumes,

of course, that the smaller journal diameters allowed by the liquid film
bearings do not create any unacceptable side effects. These could be in the
form of too low a shaft bending critical speed or too small a shaft displace-
ment at the bearing location to allow sufficient bearing damping. The larger
diameter bearing of View "A" Figure 10 illustrates sufficient displacement
while "B" might not. Should shaft critical speed or bearing damping problems
arise irom the small bearings desired to reduce parasitic power, the turbine
and bearing could be placed outboard of the turbine rotor as illustrated in
"C" of Figure 10. This configuration should be sufficiently stiff to raise
the third bending critical «:11 above the operating speed. Typical liquid
bearing designs have sufficient damping to operate at the third shaft critical.

That is they are critically damped.

It should be pointed out the viscoseals that might be reduired
can be integrated into the journal bearings and recoup some benefits. Py
combining the two, bearing and seal, parasitic power could be reduced while
achieving a stiffer bearirg. In aidition, the bearing will be more stable.
It has a higher spring rate as the bearing eccentricity ratio approaches
zerc, This t,, - of bearing-seal has been demonstrated as a canidate configur-

atica for high speed alternates, (6).
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Figure 10
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Power Consumption:

The friction parameter of Figure 14 of "eference (7) is equal to

4N

<>

= 0.02 ¢ Re = 1795

as

=|g o7

ico
Substituting ¢ = ix& - fl%

40 4ny
Substiiuting ¢ in equation 15 of reference:
_eumpw?  _ goruds
C %
_2x10% 4 x 1072 x 1,166 x 10% x 2.02
4 1.2 x 10!
q= 3.62 x 10t ft
sec

or |0.0533 Kw per inch oi seal
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In conclusion it appears that liquid hydrodynamic bearing with visco
seals in combination as required should receive first consideration as the
bearing-sealing system for a Rankine cycle space turbo-alternator-pump assembly.
It is simple, (few parts), i1s not limited by fatigue life, or wear, and is
capable of properly supporting the rotating shaft assembly. In addition, the
viscoseal can accommodate pressure differentials across the beaiings that are

greater than those anticipated.

c. Scaling of Hydrodynamic Bearines

Radial bearing loads consist of the forces resulting from accelera
tion of the vehicle the machinery rides in ad the dyramic unbalance forces
inherent in all rotating machinery. In both instances these forces are
proportional tc ihe mass of the rotating parts. Radial bearing loads due to
vehicle or gravity acceleration are proportional to the size of the machine
cubed. Thus

Bearing Force (f) Weight (f) Mass (f) (Scale)3
for similar machines of the same materials. When the bearing diameter is
used as the characteristic to scale then the bearing load is:
3
FB(f) d
As machines become smaller and the angular speed increases then the
dynamic unbalance force can be predominate over the rotor weight. If it 1is

assumed that unbalance force is proportional to size then

T (f) d
and the bearing load is then portional to scale or diameter squared:
W ?(\2 3 2 4 2
Fou=o (D) 47 de™(f) dw
& s
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and as it is assumed that lincar velocity will be constant for a series of
constant $pecific speed machines, that is:
u = rw = constant and

then the bearing lnad due to unbalance forces is:
2

F f) d

su (O
1f the unbalance torque d~es not scale down with size, then r is

constant and

Fpy£)d

We thus have the possibility that the radial tearinz load will

.3 2 . .
scale as 4, d , or d depencing on the de<ign circumstances,

Hydrodynami: beucing capacity is a function of viscosity, bearing
linear velocity and bearing length, equation (5-9C) of Referecce (8)

53 12IIn

2 2+ 0> /1

= 1
W uUL 3

If the machine is scaled proportiorally then beariag length to
diameter ratio is constant. The bearing length in the 2bove capacity could

be replaced by the diameter.

WBC (f) d only if relative clearance ratio it kept, §3 ecccentricity

ratio, n, and the lincar velocity, U, are all constant,

As the bearing capacity, W, .., must cqual or <fxceed the design load,

BC

F or F

BU B? it is interesting to nete that when scaling Jdown a given design the
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tne bearing capacity equals or exnceeds the imposed load. The cases where the
imposed load varies as d3 or dz will allow a bearing designed for a smaller

L/d ratio or a length L, that is smaller portionally than the scaling ratio.

Looking at tiw bearing frictioa power we find that

2

2..2
L (t; pLU

' r r I\
WP (f) =¢
vhere the clezrance ratio, c¢fr, is constant. For a farily of geomectry

similar machiaes

HPf (f) Lor {(f) d if L/d is coustant.

The bearing parasitic losses will scale directly with the linear
size for a coanstant L/d ratioc designs. As the imposed loads can vary from
the scaling ratio cubed (o linearily, the parasitic Iosses can scale directly

or as a function oi the cube power.

Thus

HP . (f) d for constant L/d ratio beariags.

But as the shaft power of a turbomachine varics with the square of
size:
2
HPS (f) d
\i".n the parasitic bearing jower will become a larger percentage of the shaf:

power as a nachine is scaled down to smaller power levels.
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We thus hav> the fcllowing possibilities:

(1) 1If the unbalance force canrot be scaled down with size and it
produces the significant bearing design load, then parasitic beariny power

will increase as a percentage of shaft as a given design is scaled cown.

(2) If the unbalanced force can be scaled with size and it
produces the significant design load then parasitic beariug power scales

directly vith shaft power.

(3) If the normal earth gravity or vehicle acceleration loads are
the significaant bearing design loads then the design load scales down: faster
than the power. In this case the bearing length, L, ccuid be reduced by wore
thar. the scsie factor and thus the parasitic load as a percentage of the shaft

pcwer will reduce as the machine is scaled to a smaller size.

D. Relative Power Consumpticn of Gas and Liquid Film Bearings

It is desired tc determine if a gas or liquid hydrodynaaic journal
bearing will have the larger friction power if both are designed for the same

loading and same speed.

Taking the following assumptions from the oripinal Dual Mode Study
1):
Fluid - Thiophene

Temperature - 100°F
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Bearing type - radial hydrodynamic

Speed - N rpm

Load - ¥ - 1lbs

Journal di2meter - not to be lirited by shafting critical speed
Eccentricity ratio - n - comnstant

Clearance to radius ratio --g-- constant

Viscosity 2 100°F

.. -5 1b
qufld - 38 x 16 fC sec
-5 1b
Gas -1.3 x 10 ft sec

The journali braring load is:
2

V=L rz ) lZEnZ
C (Z + n) 1 -n

&

Ref: equation 5-90 page 131 of Refercence (8).

For bearings of equal capacity, U,-%-ratio, and eccentricity

ratio, n, wherc & is viscosity, U is the jourmal interiace velocity.

For constaat i=ngth, L;
W (f) uU = pdN
thus d (f) g-fcr consitant speed, N,

and for a constant %-ratio and speed, N.

37



Bearing friction power is:
qu (£) TN (f) FdN where I is friction torqua.
Bearing friction force is:

uULY 4 (1 -- 2n2) 1b
C 2 3 2
(2+n) J(1 -n") ft

F =

Ref: equation 5-97, page 182 of
Refererce (8).
Now for constant, C/r ratio, eccentricity ratio, n, and specd, N;
F (é) udNL
and for a constant length, L and speed, N;
WP (f) FaR (£) ud’L (£) ud’

L .
and for a constant E'Iatlo

F (f) udzn

HP (f) Fdx (f) ud3 for

constant speed.

Friction power ratio for the two cases will be related by:

(pr)gas - u d 2
(HPf) liquid . 3 for constant L
19
and
3
HP) gas "gdg . .
(MP,_) liquid 3 for constant L/d ratio.
£ ud
11
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Substituting the journal diameters as a function of the load

2

(HPf) gas = " Uy y. ¥

(HP_) liquid i " u and
£ 1 8 g

L .
for constant E—rat1o substituting for the journal diameters:

e

v ug

u

(HPf) gas v l uy '% ) u
4

. _=&
(HPf) liquid

requircsents:

In conclusion it is apparent that a gas bearing cesigned for the

same speed and load will develop more friction power than a liquid

bearing

regardless of the design criteria used. For the assumed case of thiophene at

100°F:

the gas bearing of comstant width, L, design will have

-5
5

Vo - 38.2 x 10
Ve 1.3 x 10

30 times the

power consumption of the liquid bearing and the constant L/d design

will have

-5
8

38.2 x 10:; I 5 times the parasitic power.
1.3 x 10
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E. Rankine CycYe-Turbine

The temperature limitations of the NERVA engine mzde the Rankine
cycle the most desirable choice for tlhe dual mode power system. Long life
favored the selection of a turbine over a reciprocating or rotory expander.

To avoid erosicn in the multiple stage turbine, the working fluid selected
(thiophene) has a dry expausion even though the initial state point is only
saturated vapor. Also, the near vertical slope of the saturated vapor line
(on the temperature—entropy diagram) minimizes or eliminates the need for a
heat exchanger at the turbine outlet to desuperheat the vapors prior to

their flowving into the condenser. This additional heat exchanger (regenerator)
is generally required for maximm cycle efficicncy with working fluids which

have very large molecular weights.

The nominal vapor pressure of the Rankine cycle working fluid at
the maximum cycle temperzture greatly eases the boiler (vapcrizer) feed pvmp
mechanical design problems. A small, single stage centrifugal pump on the
turbo-alternator shart was entirely adequate for the NERVA Dual Mode System
design. A significant increase in maximum cycle temperature coupled with a
reduction of flow rate (reduced electric power output) could make the boiler

feed pump design more difficult. If this situation should arise, attention
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should be directed at the pitot strut centrifugal pump. The jet pump will
still be necessary to insure reliable suction flow from the condenser in a

zero gravity environment.

F. Turbine-Alternator Efficiency

In a Rankine power conversion system operating in the temperature
ranges oa interest for dual mode nruclear rockcts, the turbine x alternator
efficiency product is the single design factor of most importance to the
overall system perfornance. This is true because the modest temperature
differentials of the low temperature Rankine cycle provides theoretical
diagram efficiency close to the ideal Carnot officiency. Thus the turbine and
alternator efficiency directly arfects the output shaft and electrical power
compared with the ideal power available from the cycle. To add to the
importance of the turbine-alternator efficiency is “he fact that for small
systems the parasitic power is a large fraction of the gross output. Hence,
a significant portion of the turhine-alternator output is consumed as a tare.
A small increase in turbine efficiency increases the gross output directly
in proportion to the increase in turbine efficiency. This is reflected in a
even greater than directly increase in the net shaft or electrical output

because of the relatively large tare.

In general, the weight of the turbine-alternator is small in
comparison with the weight of the vaporizer or condenser-raciator. As a
consequence, no effort should be spared in the design of the turbine-alternator

to enhance its efficiency. The turbine should have a specific speed and
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aumber of stages which give maximum overall efficiency. The highest turbine
efficiency will result in the lowest heat flow into the dual modc power system
per unit of electric power and an even greater reduction of heat which must be

rejected through the enormous radiator system,

The alternator must also function s a motor to drive the boiler
feed pump when starting up the Rankine power conversion system. This sume
feature could be very useful for operation of the Rankine cycle as a dynamic
heat pipe during the early portion of cooldown when it may be desirable to
temporarily operate the radiator at higher heat flux and temperature to
conserve cooidown fluids or for earlier thrust termination without increasing

the tcmperature of the primary loop coolants.

When the alternator is operated as a motor, the electrical energy
must come from an outside source such as a battery-inverter supply. The
electric power desired is relatively small because the feed pump power is

small and the turbine drag is also small.

G. Off Design Operation During Cooldown

The Dual Mode NERVA electrical power system was constrained by
the temperature capability of aluminum compcnents in the nuclear rocket engine.
This 800°R maximum cycle temperature resulted in the temperature selection
of 530-540°R for the radiator. For missions wherein multiple burhs were
required, the heat rejector capability of the radiator was useful as a
device to reject decay heat from the engine during cooldown thus reducing

the quantity of cooldown hydrogen required and the duration of thrusting
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associated with cooldown hydrogen flow. The savings in cooldown fluids could
be increased by increasing the radiator capacity i.e., more radiator area or
increased radiator temperature. The later scheme was found to be quite
attractive for the period of cooldown only. An increase of approximately a
factor of three was within scope by increasing the heat rate from the engine
and allowing the radiator temperature to rise from 530°R up to 660°R. For
this period the electrical output from the power conversion system was zero.
Special provisiorn iq the design of the Rankine cycle are necessary to
accomplish the increased heat flow rate. The major addition component is a
turbine nozzle bypass flow duct. In a sense the Rankine cycle becomes a

dynamic heat vipe for this off-design mode of operation.

The of{-design mode of operation described above could be
accommodated because the materials of construction for the tanks and radiator
system could stand the temperature increase form 530°R up to 660°R for the
cooldown period. If the radiator design were at its maximum temperature for
normal electric power generation mode no margin for increase temperature for

cooldown would be available.

H. High Temperature Radiator

Many space electric power systems which have been stndied and
fundcd for development have been based upon use of a high temperature heat
rejection surface (radiator). The SNAP-8 Mercury Rankine system is an
example of this type of system. The advantage of using a radiator with a
nigh tempcraturc (800-1200°R) lies in greatly reduced surface area per unit of

heat rejected. The size reduction may also permit a weight reduction too.
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Unfortunately higher temperature radiators may be difficult to integrate
with other components on a space vehicle. For example, a lcw temperature
radiator may be incorporated around the exterior surface of an insulated
(plastic foam) aluwinum propellant tank whereas higher temperature radiators
must be physically separated from other vehicle surfaces. This requirement
implies that tiie high temperature radiator surfaces must be extended from the
basic vehicle. Both sides of an extendible surface may be uiilized for
radiating surface which further reduces the plan form area and potentially
the weight. However, the weight and structure associated with the extendible

surfaces must be included as a part of the radiator system weight.

High temperavire radiators nave not been studied in conjunction
with the dual mode NERVA space electric power system because the temperature
of the primary loop was limited by the construction details of the nuclear
rocket engine to values compatible with aluminum alloy. As a consequence 660°R
was tae maximum temperature considered for the radiator.

I. Low Specific Speed Fans

Multiple independent radiator loops require individual electric
motor driven circulating fans hermetically sealed in each of the loops.
Division flow circuits reduces the volume flow rate in each loop axni therefore
tends to reduce the fan(s) specific speed to relatively low values even for
the 25 Kw(e) NERVA Dual Mode desiga. Design of the piping system in each of
the coclant circuits and selection of high speed motors will help keep the
fan specific speed in a desirable range without resorting to multiple stages.
For smaller clectric power systems it will probably be desirable to reduce
the number of independeat radiator flow circuits from the 24 selected for the

NERVA Dual Mode System design.
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J. Coolant for Primary and Radiator Loops

The selection of the type of fluid (i.e., liquid vs gas) used in
the loops of the dual mode system is of interest because the selections are
different from those norwally made for space electric power systems. The
coolant selected for the primary loop was gaseous hydrogen. Major considera-
tions in this selection were that hydrogen is used for the rocket mode thus
there is no compatibility problem within the reactor and the readily available
supply of hydrogen onboard a nuclear rocket stage. Although gaseous hydrogen
is an excellent coolant it is necessary to maintain a nominal pressure (500
psia) to keep pumpiﬁg power within reasonable limits. Other good features of
hydroge. are its non-freezing and non-activation by neutrons. Potentially
adverse characteristics of hydrogen are leakage through valves and gasketed
joints and embrittlement of metals. Design accommodations for these adverse

characteristics can be provided for if they are recognized early.

The waste heat rejection loops also utilize gaseous hydrogen for
coolant. Hydrogen has an additional advantage over many other coolants
especially liquids in the application because its low density reduces the

weight of the coolant inventory.

Hydrogen leakage from the multipie heat rejection loops can be
expected. The exposure of the radiator tubes to meteorites is “nherent in o
space radiator design. Make-up hydrogen gas is a possible method of maintain

system pressure provided the leak rate is extremely small.

The multiple EOS launch techniquc with assembly of a space vehicle
in orbit entails special problems for the heat rejection system if gaseous
hydrogen is circulated across the in-space assembled uvaits. This problem
could be overcome with a heat-coupler based upon the he:t pipe principle
which weuld not use flowing hydrogen across the interface bhetween stages.
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K. Boiler-Vaporizer Desiru Point Influences

The significant influence of loop delta teupcrature and multiple
pressure level boiling .as identified during the original Dual Mode Electrical
System Study (1). In reviewing the design at swaller power levels, these
influences were ascertained for thiophene at the original design conditions of
KERVA Dual Mode Electric system. Three variables of a Rankine Cycle that should be
studied during the design point selection are (1) the primary or source fluid
delta temperature (2) Rankine Cycle fluid flow ratios ased for multiple pressure
level boiling and (3) the thermodynamic fluid.

To obtain -the influence factors for these parameters the heating
source in the Dual Mode System is a hydrogen stream that has a loop delta temper-
atures ranging from 50 to 100°4F. Results of these calculations are plotied on
Figure 11. A drop in availability of 15 to 20Z is experienced for all flow
ratios as the primary heat loop delta tomperature is increased from 50°4 to
100°AF. 1his implies that a tr _-off study of the primary loop pumping power
vs Rankine fluid unit availability should be made in order to select the optimum
primary loop delta tcmperature.

The benefits of a multipressure boiler can be of a 15 to 20% increase
in Rankine fluid unit availability for all loop delta temperatures considered.
The available enthalpy per pound of Rankine cycle fluid (thiophene) was calcu-
lated for flow split ratios of 100%, 50-50Z, and 50, 30, 20Z. These benefits
should also be traded off against the additional complexity. 1In the case of the
triophene system studied there was no additional complexity as the relative 1lows
and diffcrential pressures between the various pressure levels fitted very well

to a nulti~staged radial flow turbine desi-n,
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Figure 11
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The last variable selection, i.e., what fluid to “<e in the Rankine
loop, is not obvious. Thiophene was selccted for the Dual Mode Electrical Sysctem

primarily on its good thermal efficiency when operating between the required
source -~ink temperature extremes. The beneficial property in this respect

is that the saturated vapor line does have a negative slope on a temperature-
entrophy diagram as the condensing temperature is approached. As other source-
sink temperatures are considered, fluids other than thiophere should be

considered.

V. SPECIAL PROBLEMS OF DUAL MODE

A, Reliability - Ssfety

A detailed investigation of the effect of the dual mode system on
overall stage reliability has nc: been done. It is to be expected that
several methods of producing electrical power may Lte aporopriate ror a single
vehicle., The dual mode electrical power generator system could he the prime

or a backup power system.

Consideration was given to the Dual Mode NERVA Syster: from the
standpoint of increased safety. One of the major potential failure modes
which has safety implicatioas is the loss of coolant (propellant) during
rocket mode opcration. The dual mode heat transfer loop is an alternative
methoc for removal of decay heat. lUnfortunately, the decay hcat rates
following emergency shutwown cannot be rejected by the duai mode radiative
rejection system. aAn alternative is to use the clectr power t- - ~ive an
emergency coolant pump. Even this approach did not appcar to be attractive
because pumping power required was too great initially. If an alternative
emergency coolant such a: ammonia were used, an clectrically driven emergency

pump could be interesting.
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B. Radiation of the Fayload

" e RERVA Dual Mode concept was incorporated in a system which had
a shadov shield in the ergine and the aft end of the propellant tank vas a
small angle cone which was protected from radiation of the engine by the
shados shield, Figure 2. For vehicles which have length constraints rather than
minimm wveight constraints it may be necessary to use a tenk configuratiom
vith a "fat bortom™. Such a taak design will scatter ruclear radiatica from
the engine forward to the payload. When the tank is full of propellant, the
nydrogen attemuates the radiation. A partially full tank will be more severe
operating condition. UWhen the tank is nearly empty of liquid, radiation
s-attering to the pavioad can b2 very significzat. After rocket cngive
shutdcwn and cooldowm irradiacica of the payload coatinues during dual mode

opetition.

Toaese design features are important to the dual mode concept
because more scatter radiation vill reach the payload with dual wode opuration
than vithcat. In the KERVA sysicm, the shield was effective becausc the tank
did not protrude beyond the shadow cone. Shadow shields for "{at bottom™

tanks arc too heavy to be practical.

A sepzrate annular tank which is jetisoned after depletion of its
propellant might be a practical way of utilizing the large radius volume just
above the engine. From the above discussion it is evident that a lengih
con=traint is very unfavorable to a nuclear rocket stage and to the dual mode
concept when the payload is scnsitive to radiation. For some payloads such as
disposal of radiocactive wastes the added radjation from the nuclcar engine

would not be a problcem.
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C. Reactor Primary Loop Heat Excharger

Several configurations of heat exchangers for the reactor primary
loop were examined by WANL. The first considered was to use ‘he dow -and-up
coaxial support tubes. One of the problems encountered was that the downflow
through the center tube was heated up nicely but during the returm flow up
the annulus passage the primary coclant lost heat to the downflow. Thus the
outlit temperature of the primary coolant was considerably less than the
saximum temperature which occurred near the turr around end. This situation
results from good heat transfer across the wall separating the cold downflow

from the wvarmer upflow. Space limitations prevented introducing insulation

between these cwo counter flowing strainms.

This same problem was found in the heat exchanger design utilizing
holes in the aluminum barrel, Figure 2. However, in this design the hole size
could be adjusted to give iow heat transfer rates (coefficient) to the incoming
flow thus maintaining large film temperature diifcrences at the inlet end, hence
nit chilliig the aluminum barrel. In this way the bulk coolant was heated
gradually over the entire lecngth of the counter flow coolant channel and
pressure drop was smu:ll. The cnly limitation was the loss of material due to

the numcrous heles in the aluzminum barrcl.

In the samall engine being considered at LASL the counter flow tie
tube circuit appears to be most promising for the reactor primary loop heat
exchanger. Zirconium hydride moderator in the form of a liner separates the
dowmflow fluid from the upflow fluid. This additional thermal decoupling
should case the countcrflow heat cxchange cffect noticed in the NERVA Dual

Mode design.
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D. Radiator Orientatior

Vhen one thinks of a power plant for ground application, usually
the source of energy (fuel) and the power conversion system (enginc) are the
major items of concern. The heat rejection system is not of major significance.
More recently, the problems of hrat rejection have become a problea for
electrical power genmerator station; because the wvaste heat dusped into the
rivers has increased river wvater temjerature and the ecologists have become

alarmed.

In space, the heat rejection system is of major concern. All heat
must be rejected by radiation. Direct sunshine and reflected sunlight from
close-by bodies such as Earth or Moon can have a significant heat input to
relatively cold radiator surfaces. Thus, it will be clear that the mode of
operation can have a significant effect on the design of the space power
systea. In the case of the NERVA Dual Mode system, the maximum temperature
of the heat source was approximately 800°R. Thus the tcmperature of the heat
rejection system was 500-550°R or approximately ambient temperature om Earth
which is approximately the temperature of a space radiator in full view of
the sun. Under those conditions, the sections of the dual mode radiator
would be only partially effective. For this recason conservative radiator
area requirements were specified. A change in the attitude orientation of the
space radiator so that it is parallel to the rays of the sun and/or an increase
in altitude of orbit have a profound effect on the low temperature radiator

capability and thereforc ihe system electrical output.

51



The foregoing suggests a design criteria for dual mode electrical
systems vhich requires that the vehicle be orientated so that the radiator
is criented nearly parallel to the rays of the sun wvhen close to the sum
(1 A.U.) and that low altitude orbit (100-300 X.M.) operation utilize an energy

storage system 10 avoid the need for maximum electric power as the stage

passes through "high noon™.

Orientation of the space vehicle with its radiator parallel to
the sun's rays will require vehicle aititude control capability. During coast
phase the thrust requirements for altitude coatrol are small, maybe the

electric power system can supply the energy for thrusting.

The desirability of orientation of the space radiator is most
accute for a low or ambient temperature radiator. If for the small nuclear
rocket engine dual mode system (or any other) the maximum cycle temperature
is greater and the heat rejection temperature is increased, the impact of
other thermal radiation sources on the vehicle heat rejection capability is

greatly reduced.

Another approach to reducing the effect of other thermal radiation
sources is to use surfaces which have a high coefficient of reflectivity and
also have a high coefficient of emissivity at the temperature of the radiator.
Research in this field is continuing to increase the durability of surfaces
which exhibit these unique properties. These materials can be applied to

the coantrol of the tempcrature of satellites.
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VI. DEVELOPMENT PLAN

Thoughts given to a development plan for the NERVA Dual Mode System
have been reoriented to more closely fit a dual mode systeu for a small nuclear
rocket engine (15,000 1b thrust) with run tank all configured to fit in the
15 foot diameter by 60 foot long cargo bay proposed for the Earth Orbit

Shuttle.

Preliminary mission analyses comparing the payload capability of the
NERVA, the small nuclear engi.e and chemical engine stages for various numbers
of Earth Orbit Shuttle (EOS) propellant modules are shown in Figure 12. It
is important to the dual mode concept to notice that the small nuclear rocket
engine (weight 7000 1b) with run tank (labeled “0" propellant wmodules) has
a very significant payload capability for high velocity (deep space) applica-
tions. This fact leads to the thought that a basic éual mode system should
be incorporated in this basic vehicle. The power producing capability of the
basic vehicle will be limited to the range of 3-10 Kw(e) due to radiator
surface area limita%ions (1500-2000 square fect). Additional radiator area
can be cbtained by extendable suifaces which fold out from the run t.unk or by
using the exterior surface of additional propellant modules (about 3000 sq.

ft. each) if they are available.

The development of a dual mode nuclear rocket engine is going to entail
more cffort than a nuclear rocket engine without dual mode capability.
However, a nuclear stage with a dual mode nuclear rocket engine aay be
significantly less effort *han a conventional nuclcar stage which has the

samwe features provided by other mecans. The improved cooldown and early
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thrust terminatiou feature combined enhance the performance and operation of
the nuclear engine while the nuclear energy source of heat during nonthrusting

mode is unique for space vehicle applicatioas.

To minimize the impact of the dual mode feature on the development of
the nuclear rocket engine, it is desirable to provide for the duval mcde
feature in the engine design criteria and follow through. In the case of
the NERVA, there was.no official recognition of dual mode in the NERVA Program
Requirements Document (NPRD) although there were requirements for early thrust
termination which could be met by a dual mode system and no other satisfactory
system had been identified. Also, the enginc. required a significant guarantee
of electricity for normal operations, however, . NPRD engine was not

designed to provide its own electrical power.

Fortunately, during the dual mode studies a completely separate and
independent flow circuit was identified which could provide sufficient heat to
2 primary loop coolant to generate 10-25 Kw(e). Since this primacy loop flow
circuit was independent froe the main engine flow circuit, very little
interaction occurred. This was very desirable because additional valves and
lcak tight joints in the main engine flow circuit would have presented serious

develop™ent problems.,

In the case of the small nuclcar engine that LASL is considering, it is
not desirable to use the reflector region primary loop heat exchanger envisioned
for NERVA. The smaller -:ngine may be able to utilize the metal core support

structural mesrbers for the ~rimary loop heat exchanger and valve off the



remainder of the engine flow circuit during non engine firing dual mode
operation. The primary cculant circuit would not be "va.ved—off", it would
be permanently piped into the engine flow circuit. The flow circuit diagram

is shown in Figure 3.

With the above systeam in mind it is apparent that the primary coolant
loop is already incorporated into the engine desigun and no significant piping
changes are associated with including the lines and t:es for tne vaporizer
circuit. This primary coolant circuit is essentially in parallel with the
tie tube flow circuit during normal engine operation and in series with the
tube circuit during normal dual mode operation. The venturi concept is
introduced to "control" the amount of flow through the vaporizer during engine
firing and the heat exchanger removes the heat from the vaporizer flow ahead

of the venturi.

The essential point is that the piping changcs are outside the pressure
vessel and are minimal in scope. The major requirement inside the pressure
vessel is tliat the tie tube circuit be designed and fabricated and assembled
as a leak tight system. This additional burden should be undertaken in the
early phases of the design for success, AnoLher factor which will be present
for a long time to come is the unknown amount of electrical power which is
necded. Radiator area on a single run tank will limit the heat rejection
capability to the range from 40-150 Kw(t) depending on the temperatur.,
emissivity and environment. With this heat rejection capability “he heat
input desircd will be in the range of 50-200 Kw(t). The support system

circuit should be able to accommoda’c this heat rate rer’ly. Taus, there
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may not be any great need for very high temperatures in the primary coolant
circuit. Low temperature operation can enhance lifetime or durability and

keep development costs low.

The dual mode system involves hardware which adds weight to the engine
stage. The greater the size of the radiator or heat rejection system the
wore weight added to the vehicle. However, the larger heat rejection system
also permits greater cooldown savings and greater electrical power generating
capability. For thé NERVA engine studies the engine weight was on the order
of 26,000 1bs while the additional weight of the dual mode system for 25 Kw(e)
was approximately 6,000 lbs. For lunar missions the payload was approximately
150,000 lbs. VWhen the weight of payload is large compared to the engine
weight and the engine weight is large compared with the additional hardware
weight of the dual mode system, the additional weight of che dual mode feature

is not criti~a".

For p.ooposes Jeep space missions the payloads zre expected to be very
small comp:red wfth the 150,000 1b KERVA lunar payload. Thus, the engine and
duzl mode system weight should be correspondingly smaller. This is not
practical because the nuclear engine weight dees not reduce linearly with
thrust decrease. Also the need for dual mode electric power may not decrease
in proportion to the payload decrease in weight. From these arguments it
may be apparent that weight of engine and weight of dual mode system hardware
will be at a premium on missions with small payload deep space probes. In
general, the method for reducing engine weights is to make the enginc smaller

(lower thrust) and to reducc complexity (to single propellant feed system).
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The dual mode system hardware weight can be reduced by reducing the electric
power generating capability and by operating the radiator at a higher tempera-
ture. It may be possible to use advanced materials of construction for the
radiator - namely Beryllium for the fin which would also reduce weight. Solar
Aircraft of San Diego has built berylliuu sheet metal structures which have

flown on Air Force satellite missions, (9).

In spite of attempts to reduce nuclear engine weight and dual mode
hardware weight it éau be expected that the relative weights of the payload,
engine and dual mode system will be similar. Under these design conditions
it is imperitive that payload electrical power requirements be reasonable and

that the nuclear rockat engine be considered as a space energy source rather

than only a propulsion unit.

If the payload electric power level demand is very small,the size of
the radiator which will maximize payload would be determined on the basis of
the cooldown fluid saved. In the case of the NERVA Dual Mode System for a lumar
mission, the best size was 100 Kw(t) (10 Kw(e)). Reduction of dual mode
system size down tc 50 K(t) (5 Kw(e)) resulted in only a small decrease of
paylosad. Extrapolation of these numbers dewn to a system with 20Z as much
thrust suggests that the small, engine dual mode size should be in the range
10-25 Kw(t) or a electrical power capability of 1-3 Kw(e). The values of
electric power are small, however, they are in the range required for most deep
space probe payloads. The reactor of the engine is expected to be atle to supply
this quantity of heat readily and there is sufficient surface on the run tank

for radiator surface.
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There is probably some minimum size dual mode system of practical
importance. For example, if the electrical power requirement for a payload
is only 100 watts, use of eristing systems such as solar cells or radio-
isotope t!. -moelectric systems similar to the Alsep units is probably the
best choice. For such application chemical rocket propulsion is also expected
to be the best choice. As the electrical power requirement goes up the dual
mode nuclear system becomes more attractive. At the 3000-5000 watt (3-5 Kw(e))
level the dual mode nuclear rocket system should become very competitive.
It is this range in-size when the additional weight of the radiator is offset

by cooldown fluid savings. Larger systems 1J Kw(e)-50 Kw{e) can be designed

but there must be a need for the electric power to make it worth the weight.

The following development plan discussion is based upon a 5 Kw(e)
system for the small nuclear rocket engine. The seléction of 5 Kw(e) is
based upon a compromise power level which will cover most potential needs and
a desire to balance a significant portion of the additional weight (mostly
radiator) off against cooldown fluid savings and increased engine operational
flexibility. An overall system efficiency of 10 percent can be achieved
within temperature limits of aluminum as a material of construction for
primary and heat rejection loops. The radiator would have a normal operating
temperature of 520-540°R, and it could be temporarily operated at 660-700°R
to enhance cooldown fluid savings. If the primary loop temperature capability
were demonstrated to be in the range of 1000°-1100°R the system would have
growth potential to 10-15 Kw(e) using the same heat rejection-radiator

circuits.
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The approach to the dual mode systen has been to work on the system at
a slow rate and continue with the nuclear rocket engine development essentially
without regard for the dual mode system. Incorporate only chose features
essential to dual modc in the rocket engine at an early date. This technique
reduces to a minimum the additional risks involved to the engine progr -1 and
it also reduces the amount of redesign and retesting to incorporate the dual

mode feature into the engine at a later date.

In the case of the NERVA the essential features for dual aode would
have been the heal. exchanger flow circuit in the aluminum barrel which
surrounded the core. In the case of a core support system heat exchanger the
basic design feature is already incorporated. The structure must be leak
tight for dual mode; small leakage rate could be tolerated for rocket mode

operation only.

Other provisions for the orimary flow circuit of the small rocket dual
mode system such as backup valves, the venturi t+he heat exchanger to the
pump discharge line are examples of components w. .ch can be added to the
engine system at a later date with a minimum impact on the engine development

program.

The impact uf the dual mode system on the stage (run tank) is much
greater than it is on the engine. The radiator may be incorporated over most
of the exterior surface of the tank. Although this added ccmponent (radiator)
increases the weight and cost of the nuclear run tank, there is a stage per-
formance gain and an increase in the flexibility of stage opcration. These

features may be essential to a competitive position for the nuclear stage,
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The selection of a definitc size for the electrical power of the dual
mode system should be delayed as long as convenient. For example, a design
range from 5-10 Kw(e) may be a good choice until the total system character-
istics are more accurately defined. For the case of the NERVA Dual Mode
System, the 25 Kw(e) power level selection was arbitrary but reasonable.

The corresponding size for the small engine would be 5 Kw(e).

A rational bagis for selecrtion of a system size weculd balance nuclear
rocket stage capability with payload demand. Neither capability or demand
are fixed quantities initially. Since a veriety of potential payload power
requirements exist and the payload community has performed to date with
miniscule amrounts of electric power it may be prudent to base the initial
system size on what is a good cize for the nuclear stage. For a small nuclear
engine (15,000 1b thrust) this size is expected to be 3-5 Kw(e). If at a
later date more electric power is desired, the primary changes requested are
in the hecat rejection-radiator system. The penalty in weight and performance
for over designing the power conversion system by a factor of two is relatively

small and the basic incore heat exchanger is already oversized.

The dual mode concept breaks down into three logical units. The nuclear
rocket engine with incore primary loop exchanger, manifolding and engine
valves is one unit, the power conversion system with boiler (vaporizer)
condenser and costrol system and the heat rejection-radiator system which mus:
be closely integrated with the run tank, aire also units. In order to make
maximum use of existing capabilities it may be desirable to use three organiza-
tions for the develcpment of the dual mode system. One of these organizations

or an additional organization should have overall cognivance.
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VII. ADVANCED CONCEPTS FOR DUAL MODE

A. ¥lactric Propulsion

One of the often mentioned potential applications for clectric
power from the dual mode system is to supply an electric propulsion system.
Unfortunately, the comparitively large weighkt of the nuclear rocket vehicle
and the relatively low power capability of the dual mode system as described
herein ma%es the use of dual mode elecc. ic power impractical for -;ain pro-
pvlsion. However, the electrical power may be useful for electric thrusters
for attitude control.of the vehicle during coast phase. The high specific
impulse of the electric thrusters and good controlability of this type of

system makes this concept extremely attractive.

B. Space Relay Station

The characteristics of a nuclear rocket engine propelled stage are
such that a relatively large quantity of propellant (hydrogen) is required
for the vehicle to enter a low aititude circular orbit around large planets
such as Jupiter. It may be more attractive to eject a small chemical propelled
stage into orbit and allow the nuclear stage to fly-by or tc retrofiie into an
ellipical orbit, In either case,; the nuclear stage dual mode electrical power
system could be used as a power supply for a high power communications relay
station between the small orbiter(s) and Earth. The advantage of this concept
is that the size and weight of the orbiter(s) ~an be reduced because the
major power supply and communications unit would be on the nuclear vehicle.
Thus the nuclear stage would function as a relatively long life, high power

relay station.
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C. Space Power Plant

A related concep. is to comnect the nuclear stage to a user by
wmear.s of an electric wire or cable and fly in formation. This concept vas
considered as a potential end use for a lumar shuttle nuclear vehible. The
muclear shuttle, complete with positioning thrusters, would be maneuvered to
a position in the vicinity of a space station and the two orbiting vehicles
would be comnected together by means of the electrical cable. The gravity
gradiert between the two Lodies provides a reasonable contiruous teasile
pull in the cable. A briale conumection at the ends of the cable can keep
the alicnment constant thus radiatiiun emitt.d by the nuclear reactor of the

dual mode system would not be a problem on *he manned station because it

could remain in che cone of the shadow shield.

It is also possible that two space vehicles can be flown on a
interplanetary flight separated but connected by an electrical cable.
Rotati~n of the two connected vehicles could produce a tensile pull in the

cable to maintain a stable, low gravity systesm.
Limited investigation suggested the necd for a reel or spoul
takcup unit with damping to make "o system function. The weight of electrical

cabl: is quite small even for _ _j::ation lengths of one mile.

n. Perigce Rurns

Onc method of flying a space vchicle on the depart carth orbit
manuver is to use “perigee burns". The zdvantage of multiple perigee burns

» comparison with a jong single burn is that lower gravity lasses are
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incurred because more of the propellant is consumed at low altitude (and
high velocity). The disadvantage of wmultiple perigee burns for a muclear
rocket engine propel’od stage is that the cooldcwm losses are greater for
multiple burns as compared with a single burn. The dual mode system with
its radiative means for decay heat rejection reduces the cooldown losses by
approximately one-half. As a consequence the trend for a oual mode stage

would favor more "perigee burns™ and therefore lower gravity losses.

The cooldown propellant requirements for the 75,000 thrust,
1603 Mw(t) NERVA engine werc shown in Figure 6 of Reference (1). The
units Mw(t) x scconds have been added to the horizontal scale to make the
results more generai, Figure 13. For a smaller thrust engine, say 15,000 lbs
thrust the burn time will be 5 times longer for the same impulse as the
larger engine. Sirce vehicle size is expected to be smaller the actual bumm

times will be similar to thcse expected for the NERVA applications.

The Figure 6 of Reference (1) also showed lines of constant time
after shut to reach a 200 Kw(t) and 500 Kw(t) residual thcrmal power levels
as a function of burn time for the NERVA engine. These same times should
represent an upper limit for the smaller engine. Actual times for the smaller
enginc should be less because for the same megawatt-second value the smaller
engine weculd have run lorger (5x) znd some of the ezrlicr formed fission

products will have decayed during the run.
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Figure 13
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E. Hot Run Tank
The: dual mode heat rejector system requires a relatively large
radiator surface for rejection of waste heat. For the NERVA Dual Mode
councept, the temperature of the radiator was 520-540°R. The omly area
couveniently available is the outer surface of the propellant tank. Thus,
the radiator design was integrated with the meteoroid protection skin which
surrounded the propellant tamk. Super insulation separated the ambient

temperature radiator from the liquid hydrogen in the tank.

For the sm2ll engine attached to a “run tank" it would be desirable
to use the outer surface of the run tank for the radiator. This would be
feasible if during tbe initial buru ail of the propellants were consumed
from the run tank. Subsequent burns, if any would be supplied propeilonts

from propellant modules above the rup tank.

This concept has greai merit for the dual mode system pctause the
integrated radiator is very difficult to thermally isclate from a tamk of
liquid hydrogen wher the radiator surrounds the tank. Use of the electrical
power from the dual mode system to pump out the heat input due to the

radiator is not attractive.

Inherent in the hot run tank concept is the integration »f the dual
mode system with the run tank. This makes it feasible to completely asseablr
and checkout the dual wode system prior to launch and potentially leaky joints

are avoided.
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F. Heat Pipe Radiator Surface

Methods for making the heat rejection loops less sensitive to
meteoroid damage and loss of ccolant failure were investigated. Ome approach
is to use arrays of heat- pipe surfaces to spread the heat from
the flowing hydrogen coolant tubes to the fin material between coolant tubes.
Heat pipes are very desirable for this application because they greatly
increase the effective conductivity of the fin wmaterial, thus greatly reducing
the number and plan form area of the coolant distribution tubes. Loss of
individual heat pipes would not be of great importance because there would
be a large number of them in parallel and the heat load of adjacent heat pipes
could pick up the heat load of inoperative units. To reduce costs, the
development of a heat pipe skin material for the radiator surtaces may be
necessary.

G. Modular Dual Mode System

The engine flow schematic, Figure 3, shows the primary coolant
loop lines incorporated into the wmain engine flow circuit in a manmer which
may permit effective power generation during normal engine operation during
cooldown and post cooldown coast phase. The primary coolant ioop lines do
not have separate valves, hence it is imperative that the primary loop wmaintain
its leak-tight integrity during all modes of engine operation. To insure a
leak-tight system, it is desirable to eliminate valves and to have all welded
or brazed joints in the piping. To accomplish this objective, the primary
coolant lines from the engine pressure vessel, across the gimbal axis, up the
side of the run tank and at the vaporizer must be an integral piping system.
This can be accomplished with a single engine-run tank flight system which is

launched as a complete system.
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If additional propellant modules are included or added to the
basic vehicle and if radiator surface area is incorporated on the additional
tankage, a leak-tight thermal coannection betu em modules is required. This
may be done vith a thermal connector utilizing heat pipes which fit together
and conducts keat across the joint. In this way individual-separate tank
modules can be thermally connected without requiring leak proof gaseous hydrogen
rlow circuit comnection(s) to be made up in space. Each module would have its

oun closed heat rejection radiator flow circuits.

H. Propellant Tank Thermal Storage Capacity

The hydrogen in the propellant taunk has a counsiderable heat siorage
capacity. To illustrate this potential, the cooldowm heat rejection rates
of the NERVA engine were used to determine how tanlk pressure would vary if all
the Fzat required to be r=moved from the engine were transferred into the
hydrogen. The resulting vapor pressure rise will, of course, be a function
of how much propellant is in the tamk at the initiation of cooling.

Figure 14 plots the terminal tank pressure as a function of how
long after engine shutdown that the cooling was initiated. 1t is interesting
to note riat it is possible to absorb the later three hours of cooling into
the hydrogen propellant for tamnk capacities of one-half full or wmore without
raising the tank pressure above 35 psia.

With cthe advent of "zers NPSH' pumping capability, it is believed
that scme consideration of propellant storage for cooling requirements should
be made on future vehicles. The propellant could also be cooled down over a
longer time period by a refrigerator powered by a Dual Mod. electrical gener-
ating system. In addition, the tank will be cooled and thus dcpressurized if

it is kept "locked-up" during engine operation.
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1. Bigh Power Dual Mode System

The dual mode concept described throughout this report is applicable
to a closed cycle space electric power plant useful for extended operating
period. Open cycle dual mode systems which utilize reactor power from the
rocket engine are also potentially useful. Open cycle duial mode systems would
utilize the hydrogen pumping system, which is an integral part of the rocket
engine, to supply hydrogen at high pressure to the reactor. The heated hydrogen
could be used to run a turboaltemater or the very high temperature hydrogen
could be expanded through a magneto hydrodynamic duct attached to the rocket
exhaust nozzle.

The open cycle electric power systems may be incorporated without
eliminating the rocket engine thrusting potential. For example, a technique
for driving a turboalternator is shown in Figure 15. A swing poppet valve
normally retracted into the convergent section of the nozzle is used to close
off the rocket nozzle throat and open a bleed line which leads var-eg hydrogen
to drive the turboalternator. The positive shut-off valve in the bleed line
is located near the turbine, thus th- shut-off valve is out of the high radia-
tior dose region adjacent to the nozzle throat. A small leakage rate through
the popgpet valve at th~ nozzle throat is not serious because it camnot burmn out
the nozzle and the thrust produced bty the leakage is small compared with the
turbine exhaust thrust.

Use of the nuclear rocket engine for an energy producing device is
qu te attractive because the quantity of hydrogean required for each umit of
power produced is very small compared with other working fluids. The advantage

of hydrogen for an energy producing system is cven greater than it is for a
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Figure 15
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thrust producing system. This characteristic tends to make the high power
dual mode system most attractive for relatively long duration applicatioms.
1t should be mentioned that the application should be continuwous. 1f off-on
operation is required, then cooldown flow requirements between operating

cycles must be included.
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